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Abstract 
The EDM process is adequate for machining of narrow slots in low machinability materials, such as Ni based alloys 
used for aeronautical applications. This paper studies the influence of main process parameters involved in this 
process. The objective is to determine the effect of parameters related to the discharge process (current, pulse time and 
servo voltage) on machining time and electrode wear. Influence of discharge parameters has been studied using 
Central Composite Design of Experiments. Results reveal that discharge current as well as the time pulse, are the most 
influencing process parameters. Trends of material removal rate and electrode wear versus current, pulse-time and 
servo voltage have been analyzed.  
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1. Introduction 
The NGV (“Nozzle Guide Vanes”) are components of 
aircraft engine stators. They are groups of vanes joined 
by a section of the inner and outer disk. To join these 
groups of vanes together, small slots are machined in the 
lateral side of the NGV (Figure 1b) and they are united 
by some plates introduced inside the slots to form the 
complete ring. Those slots have a large depth compared 
to their thickness which makes them very difficult to 
machine using traditional methods. EDM has been 
traditionally used to machine those slots. 
Die-sinking electro discharge machining is a 
manufacturing process which consists of removing the 
material from the workpiece using controlled electrical 
discharges. These electrical discharges are generated 
between the electrode (tool) and the workpiece inside a 
dielectric fluid [1].  In this method, there is no contact 
between the tool and the workpiece, therefore, there are 
not forces between them and the consequent advantage 
is that the process is capable of machining materials 
regardless of their hardness. 
The main reason for using EDM for slot manufacturing 
is the low machinability of the materials with used for 
manufacturing NGVs. Due to the conditions in which 
these components have to work, the materials used for 
their manufacture must have high resistance and 
maintain that resistance at high temperatures. Among 
these materials, titanium alloys and nickel superalloys 
are the most usual, which have a high resistance to high 
temperatures, oxidation and corrosion, but their main 
disadvantage is their low machinability. Neither 
conventional drilling nor conventional milling can 
machine holes with high aspect ratios [2]. That is why 
non-conventional machining methods are used for their 
manufacturing. Some examples of these methods are 
open slots micro-grinding process [3], electrochemical 
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machining (ECM) of narrow cavities [4] or 
combinations of different processes, such as the 
ultrasonic assisted EDM [5] [6] or EDM combined with 
abrasive particles in the machining area [7]. 
Apart from the use of this type of non-conventional 
processes, the process most commonly used for the 
machining of this kind of geometries is EDM. However, 
erosion of deep and narrow slots is not a simple job. 
With the increasing of erosion depth, debris (piece 
particles and electrode particles) accumulates and causes 
short circuits and arcing, making the erosion unstable 
and slower. The depth at which the destabilization 
begins depends on the erosion parameters used. 
Electrode wear also depends on those parameters.  
In recent years, some authors [8] have tackled this 
problem, testing different kind of electrodes and varying 
erosion parameters, but in general, literature on this kind 
of machining operations is limited. 
 
2. Experimental set-up 
This section consists of the explanation of the 
experimental set-up used in this work. 
 
2.1. Piece material 
NGVs are manufactured with aeronautical superalloys. 
Superalloys are formed with base materials, usually 
nickel or cobalt, with the addition of other elements. 
They maintain their mechanical properties at high 
temperatures and for that reason they are used in the last 
stages of the compressor, the combustion chamber and 
the turbine.  
Among different existing superalloys, C1023 is the most 
used for the manufacturing of NGVs. This is a material 
developed by Rolls Royce and it is a nickel based 
superalloy. Its approximate composition is Ni, 15.5% Cr, 
9.7% Co, 8.3% Mo, 4.1% Al [9].  
 
2.2. Electrode material 
POCO graphite manufacturer has been chosen for the 
EDM tests, specifically the EDM3 grade. POCOS’s 
EDM3 graphite is an isotropic ultrafine grain graphite 
which offers high strength with outstanding wear and 
fine surface finish characteristics [10]. Its main 
characteristics are an average particle size less than 5 
μm, flexural strength of 935 kg/cm2, compressive 
strength of 1273 kg/cm2, 73 Shore hardness and 15.6 
µΩm electrical resistivity. 
Tests will be performed using C1023 sheets with an 
inclination of 22.5º, and the erosion will be performed 
until the depth of 6.5 mm.  
 
 
Fig. 1. (a) Points where slot depth has been measured and electrode 
dimensions in milimeters and (b) a NGV with slots. 
 
An 8mm width electrode with a front area of 50mm2 has 
been used. Figure 1a shows the design of the electrode 
and its dimensions in millimeters. 
 
2.3. Set-up and experimental procedure 
The machine used for the machining tests is a ONA 
CS300. A tool that keeps the plate at 22.5º has been 
manufactured in order to simulate the inclination of the 
workpiece.  
Each test consists on the manufacturing of 5 slots of 6.5 
mm depth each one. Electrode wear, erosion time and 
slot dimensions (Fig. 1a) have been measured in each 
test.  
2.3.1. Electrode wear 
 
In order to calculate electrode wear during EDM, height 
difference in the erosion face before and after machining 
each slot has been measured. 
 
2.3.2. Erosion time 
 
During slot erosion, due to the debris accumulation and 
the difficulty inherent to its evacuation, erosion begins to 
destabilize at a given depth. This causes a variable 
material removal rate during the process. Before 
reaching this depth at which the destabilization occurs, 
material removal rate keeps constant and high. Having 
reached this point, material removal rate reduces and 
tends to fluctuate. As a result, material removal rate 
value changes during slot erosion.  
Since MRR is not constant, total erosion time has been 
taken as an indicator of MRR and process stability. It is 
also representative of process productivity. 
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2.4. Variables and DoE design 
In order to get a better understanding of the process and 
determine which parameters have the highest influence 
on it, a group of tests has been defined, based on a 
Design of Experiments (DoE), using the commercial 
software Design Expert. This method is based on 
changing the input variables and see how these changes 
affect the results, optimizing gathered information in 
order to reduce the number of tests.  
Among the different existing methods to create a DoE, 
Central Composite Design (CCD) has been chosen. 
When a DoE is created, usually factorial methods are 
used which need at least three levels of each variable in 
order to estimate a quadratic model. However, using the 
CCD method, less number of tests is needed to get the 
same information. This is because CCD combines three 
types of design points: two level factorial design points, 
“centre points” (responsible for obtaining standard 
deviation standard of the process) and “axial points” or 
“star points” (have influence on the regression equation 
that represent the process).  
In addition to numerical variables, categorical variables 
exist too, which can only have discrete values, although 
their use multiplies the number of experiments.    
Chosen EDM parameters have been current intensity (I), 
pulse time (tP) and servo voltage (S). Pause time is set to 
twice the pulse time value and other parameters have 
remained constant in all tests. Variable limits are set to 
cover a wide range of variability.  
 
 Current intensity (I): [9, 10, 11]. It is a machine 
index which corresponds to average discharge 
current values of [24, 32, 48 A] respectively. 
 Pulse time (tP): [40 ÷100 µs]. Pulse time is the 
discharge time in microseconds. It is a decisive 
value for material removal rate and for electrode 
wear. 
 Servo voltage (S): [40 ÷ 60 V]. Servo voltage is a 
parameter that is responsible for maintaining a 
constant gap distance between electrode and 
workpiece during the process. The machine control 
tries to maintain the average voltage equal to 
programmed value during the erosion. 
 
 
 
Fig. 2. Graphics of the residual error versus the normal probability. (a) 
Graphic for the electrode wear and (b) graphic for the average time. 
Pulse time and the servo voltage are two numerical 
variables (they can have any value in the range) and 
current intensity is a categorical variable (it can only 
have three discrete values). The combination of these 
parameters results in a DoE of 33 tests. 
 
3. Test results 
Design Expert commercial software has been used for 
the DoE design and for analyzing the obtained results. 
Electrode wear and erosion time have been analyzed.  
To study the effects caused by the chosen factors 
(current intensity, pulse time and servo voltage), 
ANOVA (Analysis of the Variance) methodology has 
been used. The ANOVA is a collection of statistical 
methods and their associated procedures to study the 
effects of the different factors on the response. To apply 
this technique the following requirements must be 
fulfilled: 
 
 Each group is normal. 
 Homoscedasticity: The variance is the same in 
each of the groups. 
 Observations independence: There is no 
relationship between the variables.  
 
Table 1. Electrodes wear ANOVA. Influence of the factors on the response. 
Factors Sum of 
squares (SS) 
Degrees of 
freedom (dF) 
Mean squares 
(MS) 
F Factor p-value Prob>F 
Model 0.8 9 0.088 18.20 <0.0001 
  S 4.11E-005 1 4.113E-005 8.458E-003 0.9275 
  tP 0.46 1 0.46 94.00 <0.0001 
  I 0.21 2 0.11 21.80 <0.0001 
  S·tP 1.021E-004 1 1.021E-004 0.021 0.8861 
  S·I 5.995E-003 2 2.998E-004 0.62 0.5486 
  tP·I 0.12 2 0.061 12.45 0.0002 
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In this case, as shown in the Figure 2, residual errors for 
electrode wear and average time fit well with the normal 
distribution (straight line), therefore, above conditions 
are fulfil and ANOVA technique could be used for the 
present study. 
3.1. Electrode wear 
As explained in Section 2.3.1, electrode wear will be 
studied comparing electrode height before and after the 
erosion. Results for electrode wear fit to a two factor 
iteration linear model, although the influence of each 
factor is different. Figure 3 shows, values of electrode 
wear for current intensity indexes of 9, 10 and 11.  
Table 1 shows the table of analysis of variance 
(ANOVA) for electrode wear. ANOVA is a particular 
form of statistical hypothesis testing. ANOVA consist on 
the raising of a “null hypothesis” (H0), this hypothesis is 
supposed true if data does not indicate its falsity. In this 
case, H0 is the hypothesis which suggests that a factor 
has not influence on the response. If the null hypothesis 
is rejected, the analyzed factor will therefore have 
influence on the response.  
In the formulation of the criterion for the rejection of the 
null hypothesis, two estimators which are independent of 
the variance (Mean Square) are used (hence the name of 
analysis of variance). These estimators are known as 
treatment mean squares (Model Mean Square, MSmodel) 
and error mean squares (Residual Mean Square, MSerror). 
Dividing MSmodel by MSerror , F (F value) is determined, 
in which the mean squares (MS) are obtained by 
dividing the sum of squares of the terms deviations (SS, 
Sum of Squares) by the number of degrees of freedom 
(DF, Degrees of Freedom). 
F value corresponds to a continuous probability 
distribution known as “Fisher’s F”. If this probability is 
sufficiently low (less than 0.05), is considered that the 
analyzed factor is significant, in other words, the 
analyzed factor has influence on the response. Those 
values are included in the last column of Table 1. 
As mentioned, terms which have a probability value (p 
value Prob<F) higher than 0.05 have no effect on the 
response. In this case, the current intensity value, the 
pulse time and the term which combines both values are 
the factors that influence on the response. 
In the model equations (Figure 3) it can be also observed 
that the most influent factor on the response are the 
above mentioned, where S, tP and I are servo voltage, 
pulse time and current intensity respectively. The most 
influential factors are current intensity, pulse time and 
their iteration. 
The most influent parameter on the electrode wear is 
pulse time, while influence of servo voltage is almost 
inexistent. Table 1 shows better this effect, in which 
influence of each factor on the response (electrode wear)  
can be seen. 
Electrode wear decreases when the pulse time increases. 
This effect, also studied by authors as Luis [11] or 
Zarepour [12], is related to the fact that electrode wear is 
generated during the first stage of the discharge process. 
The amount of removed material depends on the 
intensity of the spark and not on spark duration, and 
therefore, for a given discharge energy, spark frequency 
increases electrode wear. In other words, when pulse 
time is higher, discharge frequency is lower and 
consequently the electrode will suffer less wear.  
Regarding current intensity, fig. 3 shows two trends. For 
low values of pulse time, when the current intensity 
increases the electrode wear increase. As mentioned 
above, electrode wear depends on discharge current. 
When the discharge current is higher, wear will be 
higher.  
 
Fig. 3. Electrodes wear versus pulse time (tP) and the servo voltage (S) for the three current intensity indexes. Model equation for each intensity 
index. 
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Fig. 4. Electrode wear comparison between three current intensity 
indexes. 
However, for the highest pulse time value, the opposite 
effect is observed, average wear decreases as current 
intensity increases. In general, when current intensity is 
higher, electrode wear is higher too, but when high 
current intensity and high pulse time are combined, 
erosion time decreases, in other words, the electrode will 
suffer during less time, decreasing electrode wear.  
Fig. 4 shows, that optimum values for the minimum 
electrode wear are those which combine the highest 
current intensity values and highest pulse times.  
3.2. Erosion time 
When it comes to erosion time, the three considered 
parameters have influence on it. Results fit to a two 
factor iteration model. 
For current intensity indexes of 9 and 10, the same trend 
is observed: when pulse time and servo voltage decrease 
erosion time decreases. Fig. 5a and 5b show average 
erosion time trends for current intensity indexes of 9 and 
10.  
For an index value of 11, the trend is reversed (figure 
5c): when pulse time increases and servo voltage 
decreases in such a way that erosion time decreases.  
This change in observed trends is due to the fact that for 
intensity indexes of 9 and 10, the minimum erosion time 
obtained for the tested conditions is to the right (lowest 
pulse time values) of the fig. 5a and fig. 5b. If lower 
pulse times would be tested, erosion time will decrease 
until a minimum value, and then it will increase again. 
However, for the current intensity index of 11, the 
minimum erosion time is on the left (highest pulse time 
values) of the fig. 5c. In this case, if higher pulse time 
values would be tested, erosion time will be decreased 
until a minimum value, and then it would grow again. 
In general, for a given current intensity index, there is 
always a pulse time in which the material removal rate is 
optimum, and out of this point, (if pulse time increases 
or decreases) material removal rate tends to drop [13] 
[14]. If too high pulse times are used, part of the energy 
is lost by conduction through workpiece material, 
decreasing the material removal rate. If too low pulse 
times are used, the concentrated energy is so high and 
part of this energy is wasted, decreasing the material 
removal rate.  
Table 2 shows that the servo voltage has influence on 
erosion time, in addition to the pulse time and the 
current intensity. As already mentioned, servo voltage is 
responsible for maintaining gap distance between 
electrode and workpiece constant. To obtain this, the 
machine measures the average voltage over time and 
compares it with the programmed value of the servo 
voltage. When the value of the servo voltage is higher, 
the gap will be higher too, in other words, average 
distance between electrode and workpiece will be larger 
producing higher number of empty pulses, which causes 
a less efficient erosion process from the point of view of 
process time. 
Influence on erosion time of servo voltage is reflected in 
the equations of the figure 5. S, tp and I are the values of 
servo voltage, pulse time and current intensity 
respectively. In this case, all of them influence the 
process. 
In general terms, as current intensity increases, servo 
voltage decreases and the erosion time is also shortened. 
 
Fig. 5 Slots erosion average time versus pulse time and servo voltage for three current intensity indexes. Model equation for each intensity index. 
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Table 2. ANOVA table for slots average erosion time. Influence of the factors on the response. 
Factors Sum of Squares  
(SS) 
Degrees of 
freedom (dF) 
Mean squares 
(MS) 
F factor p-value Prob>F 
Model 1914.33 9 212.70 53.59 <0.0001 
  S 66.92 1 66.92 16.86 0.0004 
  tP 197.68 1 197.68 49.80 <0.0001 
  I 1355.09 2 677.54 170.70 <0.0001 
  S·tP 0.083 1 0.083 0.021 0.8861 
  S·I 21.75 2 10.87 2.74 0.0856 
  tP·I 272.81 2 136.40 34.37 <0.0001 
 
For pulse time, two tends can be observed. For low 
current intensity indexes (9 and 10), as pulse time 
decreases erosion time decreases. However, for index 
value of 11, as pulse time increases, erosion time 
decreases. Optimal values are therefore high current 
intensity, high pulse time and low servo voltage. 
 
4. Conclusions 
In this paper, a study of the influence of three erosion 
parameters (current intensity, pulse time and servo 
voltage) on erosion time and electrode wear when 
EDMing narrow slots in C1023 aeronautical alloy has 
been performed.  
Regarding electrode wear, current intensity and pulse 
time are the factors which have more influence on the 
response. For minimal electrode wear, high pulse time 
and high current intensity should be applied.  
Concerning to the erosion time, which is related to 
material removal rate, the three factors studied have 
influence. Lower erosion times are obtained with a high 
current intensity and low servo voltage value. For high 
current intensity values, the best results are achieved 
with high pulse time and for low current intensity values, 
best results are obtained with low pulse time. 
Nevertheless, the best erosion times have been achieved 
when high current intensity value, high pulse time values 
and low servo voltage values have been used.  
In conclusion, the best parameters for low electrode 
wear and low erosion time are those that combine low 
intensity, high pulse time and low servo voltage. 
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